Persimmon proanthocyanidin (PA) biosynthetic had been reported to be 14 regulated by several transcription factors, but the miRNAs function involved in this 15 process was poorly understood. We identified a miRNA858b that putatively targeted 16 two R2R3-MYB transcription factors, DkMYB19/DkMYB20. Transcript accumulation 17 of DkMYB19/DkMYB20 and miRNA858b showed contrasting divergent expression 18 patterns during fruit development. DkMYB19/DkMYB20 were confirmed to be 19 localized in the nucleus. The interaction between miRNA858b and 20 DkMYB19/DkMYB20 were experimentally validated by 5' RNA ligase-mediated 21 RACE and LUC enzyme activity detection. Overexpression of miRNA858b led to the 22 33 Keywords 34 Persimmon 35 Proanthocyanidin 36 microRNA 37 MYB 38 39 157 provided evidence to that miRNA858b-MYB played an important role in the 158 regulation of PA biosynthesis in persimmon.
down-regulation of DkMYB19/DkMYB20 which reduced the accumulation of PA, 23 whereas the reduced miRNA858b activity that up-regulated the DkMYB19/DkMYB20 24 resulted in high levels of PA in STTM858b transient expression in leaves in vivo. 25 Similarly, the transient transformation of miRNA858b in fruit wafers in vitro also 26 reduced the accumulation of PA by repressing the DkMYB19/DkMYB20, while the 27 up-regulation of DkMYB19/DkMYB20 enhanced the accumulation of PA in 28 STTM858b or DkMYB19/DkMYB20 transient transformation in fruit wafers. PA 29 content decreased after overexpression of miRNA858b in Arabidopsis wild type and 30 DkMYB19/DkMYB20 in persimmon leaf callus consisted with the above results. These 31 findings suggested that miRNA858b repressed the expression of DkMYB19/DkMYB20 32 which contribute to PA accumulation in persimmon.
Introduction 40 Persimmon (Diospyros kaki), one of East Asia's major fruit crops, accumulates 41 large amounts of PA in its fruit "tannin cells" that cause strong astringency sensation 42 in fresh fruits. Persimmon varieties are classified into two groups according to genetic 43 characteristic of natural de-astringency: pollination constant nonastringent (PCNA) 44 persimmons, which is a nonastringent (NA) mutant phenotype that loses its 45 astringency naturally on the tree during fruit development, so that fruits can be edible 46 at the firm stage. Non-PCNA type need artificial treatment to remove astringency with 47 carbon dioxide gas or ethanol vapor or by drying after peeling before consumption. 48 Both the allelotype of astringent (A) and NA are controlled by a single gene known as 49 the AST/ast allele (Akagi et al., 2009b (Akagi et al., , 2011 . 50 In Japanese PCNA type persimmon, the growth of PA in cells gradually 51 terminates during the early developmental stages of persimmon fruit, with the loss of 52 astringency principally occurring via PA dilution as the fruit grows larger ("dilution 53 effect"). Astringency removal in the Chinese PCNA persimmon fruit presented the 54 characteristics of both the Japanese PCNA and non-PCNA types: the process is related 55 to both "dilution effect" and "coagulation effect" (the conversion of soluble tannins 56 into insoluble tannins) (Yonemori et al., 2003) . Understanding the mechanism of 57 astringency removal will contribute to molecular breeding of novel PCNA persimmon 58 cultivar. Recently, several key genes and MYB transcriptional factors involved in 59 astringency removal in Chinese PCNA persimmon had been identified. Mo et al. 60 (2016a) showed that DkADH and DkPDC genes specific to the natural 61 astringency-loss trait of Chinese PCNA persimmon fruit. Min et al. (2012) showed 62 that two hypoxia-responsive ERF9/ERF10 were involved in separately regulating the 63 DkPDC2 and DkADH1 promoters in regulating persimmon de-astringency. DkMYB6 64 was identificated as a putative transcriptional activator, induced by high CO2, which 65 is involved in persimmon fruit deastringency, by operating on both DkPDC structural 66 genes and DkERF transcription factors (Fang et al., 2016) . Meanwhile, pyruvate 67 kinase genes (DkPK) are involved in the natural loss of astringency in Chinese PCNA 68 persimmon via enhancement of the transcript levels of the DkPDC and DkADH genes 69 (Guan et al., 2016; 2017) . Furthermore, Xu et al. (2017) revealed that DkALDH2a and 70 DkALDH2b negatively regulate the natural deastringency in Chinese PCNA. 71 Proanthocyanidin (PA, also called condensed tannin) biosynthesis involves 72 synthetic pathways controlled by both structural genes and transcription factors (TFs). 73 Those structural pathway genes encoding enzymes concerned anthocyanin pathway 74 including 3-deoxy-Darabino-heptulosonate 7-phosphate synthase (DAHPS), 75 3-dehydroquinate synthase (DHQS), 3-dehydroquinate dehydratase/shikimate (Akagi et al., 2009b; Akagi et al., 2011; Akagi et al., 2012) . Other genes involved in 84 PA accumulation, such as TT12 encoding a multidrug and toxic compound extrusion identified in a few plant species. In Arabidopsis, TT2, a Myb transcription factor that 95 controls the transcription of ANR, DFR, Auto-Inhibited H+ -ATPase isoform (AHA10), 96 and TT12 have been characterized (Lepiniec et al., 2006) . In the grape berry, two 97 MYB activators such as MYBA7 and MYBA1 act as inducers of both anthocyanins and 98 flavonols (Matus et al., 2008 (Matus et al., , 2017 , VvMYBF1 induce flavonols in grape tissues by 99 upregulating the transcription level of the flavonol synthase (FLS) gene (Czemmel et 100 al., 2009) . Another two transcription factors MYBPA1 and MYBPA2 control the 101 expression of ANR and LAR that involved in the accumulation of precursors of 102 flavonoids concerned flavonols, PA, and anthocyanins (Czemmel et al., 2012) .
103
MYB114 acts as a key regulator mediating the production of flavonols by converting 104 dihydroxy flavonols to flavonols (Tirumalai et al., 2019) . The VvMYBC2-L1 and 105 VvMYB5b have been reported to negative regulate PA accumulation (Huang et al., 106 2014) and contribute to the regulation of anthocyanin and PA biosynthesis in 107 developing grape berries respectively (Deluc et al., 2008) . In coleus, a MYB 108 transcription factor named SsMYB3 is involved in the regulation of PA biosynthesis 109 (Zhu et al., 2015) . In apple and poplar, MdMYB9 and PtMYB134 presented the ability 110 to activate ANR promoters and to partner with heterologous bHLH co-factors from 111 those two plants (Gesell et al., 2014) . In Medicago truncatula, MtPAR is an MYB 112 family transcription factor that functions as a key regulator of PA biosynthesis 113 (Verdier et al., 2012 (Naval et al., 2016) . 125 MicroRNAs (miRNAs) are important elements of post-transcriptional gene 126 regulation in eukaryotes. In plant, miRNAs are processed from a primary miRNA 127 transcript (pri-miRNA), which includes a foldback structure, by the nuclear RNase 128 DICER-LIKE 1 (DCL1) and its accessory proteins SERRATE (SE) and 129 HYPONASTIC LEAVES1 (HYL1) (Achkar et al., 2016) . In addition to transcription 130 factors, miRNAs play crucial roles in the regulatory networks by modulating gene 131 expression at the posttranscriptional level (Voinnet, 2009) . A search of literatures 132 evidence suggests that the majority of plant miRNAs are known to target transcription 133 factors so as to play critical regulatory roles in multiple biological processes, such as 134 the development, primary and secondary metabolism, as well as stress responses 135 (Sharma et al., 2016; Wang et al., 2016; Wu, 2013) . Particularly, some miRNA (Hsieh et al., 2009; Luo et al., 2012; Yang et al., 2013), In 143 Halostachys capsica, miRNA6194 targets the flavanone 3b-hydroxylase mRNA (F3H) 144 (Yang et al., 2015) , In Rauwolfia serpentina, the miRNA396b and miRNA828a target 145 the mRNAs coding for anthocyanin regulatory C1 protein (Prakash et al., 2016) . 146 At present, it was well known that several MYBs from persimmon fruit were 147 targets of miRNAs, but it was not known how exactly such targeting might influence 148 changes in the anthocyanin, flavonol and PA levels. The PA is recognized as a 149 important secondary metabolism in the persimmon during the fruit development 150 stages, the function of miRNA in PA accumulation process is far to known. Here, we 151 screened a miRNA858b from the miRNA database of persimmon, which was 152 predicted to target two MYB genes DkMYB19/DkMYB20. MiRNA858b and 153 DkMYB19/DkMYB20 molecular dynamic expression were performed together with 154 PA content changes in Chinese PCNA persimmon. Our results suggested that 155 miRNA858b and its target gene DkMYB19/DkMYB20 showed a divergent expression 156 pattern in the fruits of persimmon during development. In addition, our findings Table S1 . (Table S1 ).
Materials and Methods

231
RNA ligase-mediated 5' RACE
232
RNA ligase-mediated rapid amplification of 5' cDNA ends (RLM-5' RACE) was 233 conducted with a GeneRacer kit (Invitrogen, Carlsbad, CA, USA) to map the cleavage 234 sites of target transcripts. Three replicates of l g total RNA, isolated from pooled 235 samples of persimmon fruits, were used for ligating 5' RACE RNA adaptors at 15 °C 236 overnight. Gene-specific primers (Table S1 ) were designed to conduct 5' RACE PCR. 237 The PCR products were cloned into the pEASY-Blunt Simple vector (TransGen 238 Biotech, China) for sequencing.
239
Validation of the target gene of miRNA858b 240 To verify whether DkMYB19 and DkMYB20 could be cleaved by 241 pri-miRNA858b, we conduct a co-transformed into nicotiana benthamiana leaves 242 using the Agrobacterium-mediated (GV3101) transfection system. Vector pGreen 243 0800-Luc, which contains a reporter gene LUC, was used as the expression vector.
244
The pri-miRNA858b sequence and the ORF sequence of DkMYB19/DkMYB20 245 without the termination codon was fused with the LUC reporter gene by double 246 enzyme method. The primers was in the Table S1. The experimental procedure was 247 according to Lee et al. (2008) .
248
Subcellular localization of DkMYB19 and DkMYB20
249
The complete open reading frame (ORF) of DkMYB19/DkMYB20 without the 250 termination codon was amplified using the respective primers (Table S1) Agrobacterium cells collected after centrifugation and then were re-suspended to an 270 optical density (OD) at 600 nm of 0.75. The transformed leaves still grew on the tree 271 before they were isolated for qRT-PCR and PA content analysis. Eight days later after 272 injection of those constructs into leaves, 100 mg tissue from each infiltrated leaf was 273 collected for further determination, with a total of ten single leaf replicates.
274
Transient transformation in persimmon fruit wafers in vitro 275 We introduced the transient transformation system in persimmon fruit wafers. 276 Wafers of 1 cm diameter and 0.5 cm thickness were incubated for 1 h with Yeast two-hybrid assays 295 To detect proteins that may interact with DkMYB19/DkMYB20 in persimmon, 296 yeast two hybrid (Y2H) assays were performed. The full-length coding sequence of 297 DkMYB19/DkMYB20 were amplified by PCR using cDNAs as the template (Table S1) were confirmed by co-transforming Y2HGold with the "bait" (DkMYB19 in pGBKT7) 321 clone together with the interactor "prey" clone (in pGADT7-Rec) and plated on QDO. 322 To check for any false positive interactions, the empty "bait" vector was The imprinting method was used to determine PA content levels in persimmon 334 fruits. The sections were deeply stained at the beginning of fruit development (2.5 335 WAB, weeks after bloom), when the young fruits of 'Eshi 1' were small in size. With 336 the progression of development, the fruits grew quickly and became increasingly 337 larger until reaching their largest sizes at 25 WAB (Fig. 1A) . The fruits were still 338 darkly stained until 15 WAB, but then began to diffuse at 20 WAB. At the last 339 experimental stage, 25 WAB, the fruits were only lightly stained (Fig. 1B) . To confirm 340 the imprinting results, quantitative measurements of soluble and insoluble PA contents 341 in the fruits were carried out using the Folin-Ciocalteau method. The soluble PA 342 concentration in the fruits was 21.0 mg/g at 2.5 WAB, but quickly decreased until 15 343 WAB (5 mg/g), with only a slight increase at 20 WAB, then decreased to the lowest 344 level (1.72 mg/g) at 25 WAB, that accounted less than 0.2% of the fruit weight, 345 implying the fruits at this point have already lost their astringency. Insoluble PA, 346 which had remarkably lower levels than soluble PA, showed a trend of continuous 347 decline except for an increased process from 10 WAB to 15 WAB, it reached its peak 348 value (7.1 mg/g) at 15 WAB and lowest value (4.7 mg/g) at 25 WAB (Fig. 1C) . DkMYB19 respectively. DkMYB20 was phylogenetically closer to DkMYB2, which 364 has been previously described as a PA biosynthetic regulator (Akagi et al., 2010a) , 365 and the protein sequence similarity rate is 98% (Fig. 2) . These results suggested that sharply increased to the maximum value at 20 WAB, followed by a slight increase at 377 25 WAB (Fig. 3) . 378 In addition, the transcript level of DkMYB19 presented an up-regulation process 379 at 5 WAB, then it tended to decrease from 5 to 25 WAB (Fig. 3) . The level of 380 DkMYB20 decreased approximately 70% at 5 WAB, followed by a noticeable 381 up-regulation at 10 WAB, then it showed a trend of down-regulation from 10 to 20 382 WAB, followed by a slight up-regulation at 25 WAB (Fig. 3) .
383
Validation of the target gene of miRNA858b 384 The PCR products of pri-miRNA858b were cloned and sequenced to confirm the 385 incorporation of persimmon-specific miRNA and miRNA* in the backbone. From the 386 Mfold output, the guiding strands of the miRNAs were considered without changing 387 any other nucleotide. Predicted miRNA/miRNA* duplexes are shown in Figure 4A . 388 To confirm the target cleavage sites of pri-miRNA858b, the downstream 389 sequence of the predicted target cleavage sites were used to design outer and inner infiltration with pri-miRNA858b (Fig. 6A) . When pri-miRNA858b was infiltrated in 427 'Eshi 1' fruit wafers, the DMACA staining exhibited distinct shallows as compared 428 with control ( Fig. 7A) , which meant the PA content was decreased (Fig.7B) . Morever, 429 a miRNA858b blocking construct, STTM858b, was generated and infiltrated in leaves 430 in vivo, we found the expression of miRNA858b was sharply down-regulated 88.67% 431 against to the control, while DkMYB19/DkMYB20 gene expression was up-regulation, 432 together with the up-regulation of DkDHD/SDH, DkPAL, DkCHS, DkCHI, DkF3'H, 433 DkF3'5'H, DkDFR, DkDFR, DkANS, DkANR, DkLAR. As a consequence, soluble and 434 insoluble PA content were both significantly increased in the persimmon leaves after 435 STTM858b infiltration (Fig. 6B) . After STTM858b was infiltrated in fruit waferss, the 436 DMACA staining exhibited distinguished darker compared with control ( Fig. 7A) , 437 which also implying the PA content increasing (Fig. 7B ).
438
To test whether the DkMYB19/DkMYB20 genes can regulate PA synthesis, we 439 infiltrated the DkMYB19 or DkMYB20 genes into persimmon leaves. For the 440 DkMYB19 infiltrated leaves, the expression level of DkMYB19 increased 4-fold 441 compared with the control (Fig. 6C) , while the level of DkMYB20 increased by 442 approximately 8-fold in the DkMYB20-infiltrated leaves compared with the control 443 (Fig. 6D) infiltrations stimulated a significant increase in both soluble and insoluble PA content 447 ( Fig. 6C, D) . DMACA staining visualization of fruit wafers after DkMYB19 or 448 DkMYB20 overexpression exhibited distinct darker in both the fruit wafers infiltrated 449 with DkMYB19/DkMYB20 as compared with control ( Fig. 7A) . Meanwhile, the PA 450 content was increasing correspondingly (Fig. 7B) . Thus, we concluded that (Fig. 8B) . The three positive 471 seedlings of DkMYB20 named DkMYB20-3, DkMYB20-4, DkMYB20-9 lines, whose 472 expression level of DkMYB20 upregulated 61.13-fold, 6.74-fold, 13.80-fold (Fig. 8C) , 473 also showed an accumulation of PA (Fig. 8E) . The expression of the three DkMYB20 474 lines revealed the up-regulation of DkMYB20 promoted the expression levels of the 475 following PA biosynthetic pathway structural genes of the: DkDHD, DkPAL, DkCHS, 476 DkCHI, DkF3'H, DkF3'5'H, DkDFR, DkANS, DkANR and DkLAR (Fig. 8C ). All of 477 these results indicated that DkMYB19/DkMYB20 directly acts as a regulator for the PA 478 pathway genes and controls PA biosynthesis in persimmon.
479
The interaction between DkMYB19 and DkPK2 480 We found DkMYB19 could interact with a DkPK2 protein, that is a pyruvate 481 kinase gene maybe a potential roles in the natural loss of astringency in C-PCNA 482 persimmon via the up-regulation of DkPDC and DkADH expression during the last 483 developmental stage (Guan et al., 2016 (Guan et al., , 2017 . The pGBDT7-DkMYB19 and 484 pGADT7-DkPK2 fusion protein were co-transformed to the Y2H furthermore verified 485 the interactions (Fig. S3 ).
486
Discussion
487
The persimmon is an ideal material for studying PA metabolism because of it 488 could specifically accumulate PA in its tannin cells, which accumulated a large 489 amount of condensed tannins. The types of "tannin cells" include slender, long, oval, 490 suborbicular, polygon, tip shape, and the surface morphology could be divided into 491 echinate, tuberculiform, concave shape, natural smoothness (Yang et al., 2007; Zhang 492 et al., 2008) . In the fruit, the "tannin cells" mainly exist in the flesh in the form of modulating SlMYB48-like transcripts in tomato (Jia et al., 2015) . 556 The major targets of miRNA in our analysis were two relatively kown MYBs, 557 named DkMYB19/DkMYB20, and it's the first time to screen a persimmom 558 miRNA858b that had a significant differential expression in the two miRNA database DkMYB19/DkMYB20, so that resulted in the expression rise of key PA pathway genes 576 ( Fig. 6A, 7A; 7B ), suggesting that miRNA858b is a negative regulator in PA 577 biosynthesis. On the contrary, the transient expression of DkMYB19/DkMYB20 in the 578 'Eshi 1' leaves in vivo or fruit wafers in vitro could upregulate the key PA pathway 579 genes ( Fig. 6C, D; 7A, 7B) , which promote the accumulation of PA (Fig. 6C, D; 7A ; 580 7B). The expression of DkMYB19/DkMYB20 in transgenic plants in tissue culture 581 seedlings of 'Gongcheng Shuishi' accumulated more PA than the control, the 582 transcription of key PA pathway genes were significantly increased (Fig. 8B, 8C, 8D been suggested to interact with MYB proteins (Ness, 1999) . In this study, the Y2H 594 approach used to screen a fruit cDNA library prepared from the CPCNA, identified 595 complete CDS encoding for PA metabolism protein as potential interacting partners. 596 Our Y2H results suggested that the expression of the DkPK2 gene and the 597 involvement of PPI may have some relevance in PA metabolism regulation. 598 Based on our data and earlier studies, we proposed a hypothesis model on the 599 regulation of miRNA858b in the PA biosynthesis pathway in Chinese PCNA 600 persimmon (Fig. 9) Table S1 . Primers used in the study. 
